A disintegrin and metalloproteinase (ADAM) represents a protein family possessing both metalloproteinase and disintegrin domains. ADAMTS-1, an ADAM family member cloned from cachexigenic colon adenocarcinoma, is unusual in that it contains thrombospondin type I motifs and anchors to the extracellular matrix. To elucidate the biological role of ADAMTS-1, we developed ADAMTS-1-null mice by gene targeting. Targeted disruption of the mouse ADAMTS-1 gene resulted in growth retardation with adipose tissue malformation. Impaired female fertilization accompanied by histological changes in the uterus and ovaries also resulted. Furthermore, ADAMTS-1 -/-mice demonstrated enlarged renal calices with fibrotic changes from the ureteropelvic junction through the ureter, and abnormal adrenal medullary architecture without capillary formation. ADAMTS-1 thus appears necessary for normal growth, fertility, and organ morphology and function. Moreover, the resemblance of the renal phenotype to human ureteropelvic junction obstruction may provide a clue to the pathogenesis of this common congenital disease.
Introduction
Proteolytic modification of cell-surface proteins and extracellular matrices is pivotal for a diverse array of biological and pathological processes, including embryogenesis, wound healing, and cancer metastasis. A disintegrin and metalloproteinase (ADAM) represents a protein family possessing both metalloproteinase and disintegrin domains. Recently, the ADAM protein family has emerged as a key participant in these processes (1, 2) . More than 20 proteins have been identified as members of the ADAM family. Fertilin-α/β, the first ADAM described, has been implicated in integrin-mediated sperm-egg binding (3, 4) . Subsequently, meltrin-α was shown to be involved in muscle fusion (5) . TNF-α-converting enzyme, which cleaves the membrane-anchored precursor of TNF-α, thus upregulating production of TNF-α, has recently proved to be a member of the ADAM family (6) (7) (8) (9) . In the fruit fly Drosophila, an ADAM family gene called Kuzbanian has been demonstrated to play a role in lateral inhibition during neurogenesis by coding for cleavage of the extracellular domain of the transmembrane receptor Notch (10, 11) . Despite accumulating findings about the biological role of these ADAM proteins, the respective functions of the growing number of ADAM family members remain largely unknown.
ADAMTS-1 is a new member protein of the ADAM family, which was originally identified by differential display analysis as a gene highly expressed in the murine colon 26 cachexigenic tumor (12) . In vivo expression of the gene is induced in the kidney and heart of mice treated with LPS, suggesting a possible role of ADAMTS-1 in the inflammatory reaction (12) . Whereas typical ADAMs are membrane-anchored proteins that have a transmembrane region in the car-boxyl-terminal region, ADAMTS-1 does not contain a transmembrane domain, but possesses three thrombospondin type I motifs at its carboxyl terminus, which are conserved motifs in both thrombospondin 1 and 2 (12, 13) . After secretion, ADAMTS-1 is incorporated into the extracellular matrix. Site-directed mutagenesis revealed that these thrombospondin type I motifs, together with the carboxyl-terminal spacing region, are responsible for anchoring to the extracellular matrix (14) . Recent studies using α2-macroglobulin as a substrate demonstrated that the metalloproteinase domain of ADAMTS-1 is functional (15) . Thus, ADAMTS-1 is an active ADAM protease that is closely associated with the extracellular matrix, although its physiological substrate or substrates remain unclear.
Recent reports have identified several proteins whose structures are highly similar to ADAMTS-1. Procollagen I N-proteinase and aggrecanase-1/ADAMTS-4, which are involved in collagen maturation and proteoglycan degradation, respectively, possess thrombospondin type I motifs as well as disintegrin and metalloproteinase domains (16) (17) (18) . METH-1, a human orthologue of ADAMTS-1, and METH-2 have been shown to inhibit FGF-2-induced vascularization in the cornea pocket assay, and to inhibit VEGFinduced angiogenesis in the chorioallantoic membrane assay (19) . Furthermore, GON-1, a metalloproteinase that controls gonadogenesis by remodeling basement membranes in Caenorhabditis elegans, also demonstrates a structural similarity to ADAMTS-1 (20) . Thus, these proteins appear to constitute a subfamily of ADAM (21) , and the widely conserved structure among organisms ranging from C. elegans to humans leads us to suppose that their veiled biological functions are fundamental to life. To uncover the physiological and pathophysiological roles of ADAMTS-1 and gain insight into the biology of the ADAMTS protein family, we chose a gene-targeting strategy in mice. Here we show the multiple roles for ADAMTS-1 in normal growth, fertility, and organ structure and function.
Methods
Generation of ADAMTS-1-null mice. A 12.0-kb fragment spanning exons 1-7 of the mouse ADAMTS-1 gene was subcloned into pBluescript (Stratagene, La Jolla, California, USA). The targeting vector was constructed by replacing the 1.6-kb EcoRI-BglII fragment encompassing exons 2-4 with the neomycin-resistance gene and flanking the thymidine kinase gene. This plasmid was linearized with NotI and introduced into 129/Sv-derived SM-1 embryonic stem (ES) cells by electroporation. The ES cells were selected in medium containing G418 and ganciclovir. Homologous recombinants were identified by PCR and Southern blot analysis. Two independently targeted ES cell clones were injected into C57BL/6 blastocysts to generate chimeric mice. Male chimeras were then crossbred with C57BL/6 females, and germline transmission was obtained from the two independent ES clones. Littermates obtained by breeding heterozygotes with the genetic background of the 129/Sv × C57BL/6 hybrid were used for phenotypic analysis.
RT-PCR. Total RNA was prepared from kidneys using RNAzol (BIOTEX), and RT-PCR was performed on the resultant cDNA samples. Primer sets were chosen as shown in Figure 1a , top; and sequences are as follows:
(a) Sense primer 5′-CGCTTCCATAACAATGCTGC-3′ and antisense primer 5′-CCTCAGGATGTGGAACTGCG-3′ were chosen within exon 1.
(b) Sense primer 5′-CGCAGTTCCACATCCTGAGG-3′ was chosen within exon 1, and antisense primer 5′-GCTG-GACACAAATCGCTTCT-3′ was chosen within exon 2.
(c) Sense primer 5′-CAGGAAGCATAAGGAAGAAG-3′ was chosen within exon 2, and antisense primer 5′-GGCTTGTCCATCAAACATTC-3′ was chosen within exon 5.
(d) Sense primer 5′-CAGGAAGCATAAGGAAGAAG-3′ was chosen within exon 2, and antisense primer 5′-GCACAGT-GCTTAGCATCATC-3′ was chosen within exon 4.
(e) Sense primer 5′-TTTTCAGAGTCTGGCAGAAG-3′ and antisense primer 5′-TGAGATGAGTGATCACCATG-3′ were chosen within exon 9. Thirty cycles (95°C for 1 minute, 62°C for 1 minute, 72°C for 1 minute) were used to amplify the products, which were then subjected to electrophoresis.
Histological examination. Specimens of kidney, adrenal gland, uterus, and ovary were fixed in 10% phosphatebuffered formalin (pH 7.4), embedded in paraffin, and cut into 4-µm sections. The sections were stained with hematoxylin and eosin or Mallory-azan and examined under light microscopy.
Uterus and ovaries were taken after 24 hours of treatment (subcutaneously) with 0.1 µg 17-β-estradiol.
Immunohistochemistry. Paraffin-embedded kidney tissue sections were dewaxed with Histo-Clear (National Diagnostics, Tokyo, Japan) and rehydrated with graded concentrations of ethanol. After blocking with avidin, biotin, and 1% skim milk, tissue sections were incubated with polyclonal antibodies against either the metalloproteinase domain of the mouse ADAMTS-1 protein or normal rabbit IgG overnight at 4°C. The sections were rinsed and then incubated for 30 minutes with biotinylated swine anti-rabbit Ig (1:400 dilution) (DAKO, Copenhagen, Denmark). The tissue sections were then rinsed and incubated for 30 minutes with alkaline phosphatase-labeled streptavidin (1:70 dilution). The slides were rinsed again in PBS and reacted with alkaline phosphatase substrate solution (Vector Laboratories, Burlingame, California, USA) containing 1 mM levamisole for 30 minutes at room temperature. Finally, the sections were rinsed and counterstained with methyl green.
Electron microscopy. Small parts of specimens were fixed with glutaraldehyde and osmium tetroxide, and then embedded in Epon 812 (Oken Shoji Co., Tokyo, Japan). From these embedded tissues, 0.1-µm sections were cut, double-stained with uranyl acetate or phosphotungstic acid and lead citrate, and examined with a Hitachi H-600 electron microscope (Hitachi Co., Tokyo, Japan).
Intravenous pyelography. After inducing anesthesia with intraperitoneal pentobarbital, 0.1 mL of radiopaque agent (meglumine sodium amidotrizoate) diluted to 1:1 with sterile saline was injected into the tail vein of each mouse. X-ray films were taken at 5, 10, 15, and 30 minutes after injection.
Statistical analysis. Quantitative values were expressed as mean ± SEM. The Student's t test was used to determine significant differences. A value of P < 0.05 was considered significant.
Results

Generation of ADAMTS-1-null mice.
A targeting DNA construct was designed to replace exons 2-4, which encode most of the metalloproteinase domain (12, 13) , with the neomycin-resistance gene ( Figure 1a ). The targeting vector was introduced into 129/Sv-derived ES cells by electroporation, and targeted ES clones ( Figure  1b) were then injected into C57BL/6 blastocysts. As confirmed by Southern blotting, six chimeras derived from two independent ES clones showed germline transmission of the targeted allele ( Figure 1c ). Among the offspring of the clones, ADAMTS-1 +/-heterozygotes were normal in appearance and were fertile. By crossbreeding heterozygotes, we obtained live ADAMTS-1 -/-homozygotes. Using all conceivable RT-PCR primer sets as indicated in Figure 1a (top), we could not detect amplified bands from ADAMTS-1 -/-templates; therefore, even truncated ADAMTS-1 mRNA was not effectively transcribed in ADAMTS-1 -/-mice. Figure 1d shows the result of RT-PCR using primer set (d).
Growth retardation in ADAMTS-1-null mice. ADAMTS-1 -/-mice were smaller than their wild-type littermates, although their proportions were correct (Figure 2a) . The reduction in body weight of ADAMTS-1 -/-mice was already significant at birth, and was accentuated thereafter (Figure 2b ): at 9 months the average body weight of ADAMTS-1 -/-mice was only about 70% that of their wild-type or heterozygous littermates (Figure 2c) . ADAMTS-1 -/-mice were exceptionally lean, and the volume of epididymal fat was significantly smaller in ADAMTS-1 -/-mice ( Figure 2, d and e). Histological examination did not detect apparent changes in ADAMTS-1 -/-adipose tissues except for the relatively small size of individual adipocytes (data not shown). Serum levels of nutritional indices were not significantly different between ADAMTS-1 -/-and ADAMTS-1 +/+ males (respective values: total cholesterol, 92.0 ± 6.7 mg/dL vs. 100.3 ± 12.0 mg/dL, n = 7 in each; glucose, 174.7 ± 22.7 mg/dL vs. 168.1 ± 16.1 mg/dL, n = 7 in each; total protein, 4.5 ± 0.2 g/dL, n = 10 vs. 4.6 ± 0.4 g/dL, n = 9).
Urologic abnormalities in ADAMTS-1-null mice. The most prominent morphological feature of ADAMTS-1 -/-mice was detected in the kidney. In 4-week-old ADAMTS-1 -/-mice, the caliceal space was greatly enlarged, and the corticomedullary tissue was severely reduced, forming a thin rim surrounding the enlarged calyx (Figure 3, a-d) . In mice of both C57BL/6J and 129/Sv backgrounds, this defect was observed bilaterally with complete penetrance. The papillae of wild-type mice protruded beyond the hilum and filled most of the pelvic space, whereas the papillae of ADAMTS-1 -/-mice were poorly developed or virtually absent (Figure 3, a-d) . Electron microscopy showed degeneration of the collecting duct epithelial cells and interstitial fibrosis (data not shown). Slight but significant enlargement of the caliceal space with hypoplastic or atrophic papillae were first observed at around 1 week of age, suggesting that the renal phenotype appears after birth and develops progressively thereafter. As for renal function, we could detect no evidence of severe renal failure in ADAMTS-1 -/-mice. Serum creatinine (Cr), blood urea nitrogen (BUN), and creatinine clearance (CCr) were not significantly different between ADAMTS-1 -/-and ADAMTS-1 +/+ male mice (respective
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The values: Cr, 0.078 ± 0.006 mg/dL, n = 11 vs. 0.103 ± 0.022 mg/dL, n = 17; BUN, 25.6 ± 1.6 mg/dL, n = 16 vs. 26.4 ± 1.8 mg/dL, n = 12; CCr, 0.64 ± 0.09 mL/min, n = 6 vs. 0.70 ± 0.09 mL/min, n = 8). In contrast, the ability to concentrate urine was significantly compromised in ADAMTS-1 -/-mice on a 0.7% NaCl diet compared with ADAMTS-1 +/+ mice, and urine volume was increased (2.37 ± 0.27 mL in -/-mice, n = 4 vs. 1.61 ± 0.12 mL in +/+ mice, n = 8; P < 0.05), whereas the specific gravity was decreased (1.054 ± 0.003, in -/-mice, n = 4 vs. 1.081 ± 0.004, in +/+ mice, n = 8; P < 0.001). In accordance with the increased urine volume, urinary concentrations of Na + (-/-, 90.1 ± 3.2 mEq/mL, n = 10 vs. +/+, 128.3 ± 4.3 mEq/mL, n = 10; P < 0.0001), K + (-/-, 249.2 ± 10.5 mEq/mL, n = 10 vs. +/+, 377.7 ± 15.7 mEq/mL, n = 10; P < 0.0001) and Cl -(-/-, 126.9 ± 5.3 mEq/mL, n = 10 vs. +/+, 195.6 ± 7.7 mEq/mL, n = 10; P < 0.0001) were significantly lower in ADAMTS-1 -/-mice than in ADAMTS-1 +/+ mice. After 2 weeks on a high-salt diet containing 8% NaCl, urine volume of ADAMTS-1 -/-mice was increased by about two-fold over that of ADAMTS-1 +/+ mice (-/-, 11.72 ± 2.27 mL, n = 6 vs. +/+, 6.19 ± 0.78 mL, n = 6; P < 0.01). These anatomical and functional abnormalities are consistent with a state of hydronephrosis resulting from partial urinary obstruction (22) . The kidneys of ADAMTS-1 -/-mice also exhibited retraction of the ureteropelvic junction inside the hilum, which was surrounded by fibrous tissue (Figure 3, a, b , e, and f). Electron microscopy revealed thickening of the collagenous segment between the epithelial cell layer and the smooth muscle cell layer in ADAMTS-1 -/-mice ( Figure 3, g-i) . We further studied the histology of the ureter, and detected fundamentally the same type of abnormalities as seen in the ureteropelvic junction. As shown in Figure 3 , k-l, accumulations of excessive collagen fibers were also found between the epithelial and smooth muscle cell layers in the ureteral specimens of ADAMTS-1 -/-mice. Deformity and fissures were also detected in the smooth muscle cells in the ureter (Figure 3m) . Thus, fibrotic changes diffusely involve the whole ureter in ADAMTS-1 -/-mice.
Therefore, we performed intravenous pyelography to assess changes in urinary flow and to determine the extent to which the lesions could cause urinary obstruction. In wild-type mice, nephrograms and cystograms observed 5 minutes after injection of contrast medium showed both the calyces and pelvis to be smooth and pyramidal in shape (Figure 4a) . By 30 minutes, the nephrograms had completely disappeared (Figure 4b ). In ADAMTS-1 -/-mice, the calyces were enlarged and distorted in shape, with a narrow pelvic space (Figure 4c) . Washout of the contrast medium from the calyces was still incomplete after 30 minutes (Figure 4d) .
Furthermore, ADAMTS-1 immunoreactivity was detected in the collecting ducts and (more intensely) in the urinary epithelium at the ureteropelvic junction ( Figure 5 ). Taken together, the anatomical, radiographic, and immunohistochemical findings suggest that obstruction at the ureteropelvic junction may cause progressive caliceal enlargement.
Adrenal abnormalities in ADAMTS-1-null mice. ADAMTS-1 -/-mice also showed adrenal glandular abnormalities. The adrenal medulla is normally composed of closely packed secretory cells supported by a fine reticular network containing numerous capillaries ( Figure 6, a and c) . In ADAMTS-1 -/-mice, this structure was severely disrupted and contained numerous cavities ( Figure 6, b and d) . Remarkably, few capillaries containing blood cells were observed in the adrenal medulla of ADAMTS-1 -/-mice ( Figure 6, b and d) . In accordance with the anatomical changes, fertility was impaired in ADAMTS-1 -/-females. When mated with males, ADAMTS-1 -/-female mice characteristically experienced plug formation that was not followed by pregnancy. After mating with ADAMTS-1 -/-males, only 13% of ADAMTS-1 -/-females became pregnant after plug formation (5 pregnancies out of 40 detected plugs). On the other hand, more than 90% of ADAMTS-1 +/-and ADAMTS-1 +/+ females became pregnant after plug formation. Even when ADAMTS-1 -/-females became pregnant after breeding, the average number of pups was very small (2.5 ± 0.3, n = 20 vs. 10.4 ± 0.3 in +/+ mice, n = 20; P < 0.001). The number of implantation sites at 10 days after coitus was also reduced in ADAMTS-1 -/-females (5.0 ± 0.8, n = 4 vs. 11.6 ± 0.7 in ADAMTS-1 +/+ mice, n = 5; P < 0.01). These data show that development of follicles, implantation, and intrauterine development may be affected in ADAMTS-1 -/-female mice. Impaired fertility was observed only in females; ADAMTS-1 -/-males sired both wild-type and heterozygous females normally.
Discussion
Data from ADAMTS-1-null mice obtained in this study show that ADAMTS-1 is necessary for normal growth and the structure and function of the kidneys, adrenal glands, and female reproductive organs. The lack of severe renal failure with azotemia or major metabolic disturbance suggests that the ADAMTS-1 gene is pleiotropic, and that ADAMTS-1 has multiple and nonredundant functions throughout the body.
ADAMTS-1 is a member of the ADAM protein family that is involved in proteolytic modification of cellsurface proteins and extracellular matrices. The unique structure of ADAMTS-1, characterized by the presence of thrombospondin type I motifs, is shared by other newly identified proteins in mammals and in C. elegans, which constitute the ADAMTS subfamily that may perform well-conserved biological functions
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Figure 5
Immunohistochemistry of a mouse kidney section using an anti-ADAMTS-1 antibody (a) and a nonimmune control (b). J, urinary epithelium at the ureteropelvic junction. The pink staining shows the location of ADAMTS-1 expression in the urinary epithelium at the ureteropelvic junction. (21). ADAMTS-1 is anchored to the extracellular matrix by an interaction between its carboxyl-terminal spacing region together with its thrombospondin type I motifs, and sulfated glycosaminoglycans such as heparan sulfate (14) . ADAMTS-1 may, therefore, serve as a local factor processing as-yet unknown substrates by protease activity (15) . It is notable that among the tissues we examined, the urinary epithelium at the ureteropelvic junction expressed the highest levels of ADAMTS-1 protein. The renal abnormalities involving the calyces and corticomedullary structure in ADAMTS-1 -/-mice might be secondary to the structural abnormalities of the urinary tract. Thus ADAMTS-1 produced by the urinary epithelium may contribute to normal development or remodeling of the underlying fibrous tissue in the ureteropelvic junction and ureter. Interestingly, mice lacking angiotensinogen, angiotensin-converting enzyme, or angiotensin type I receptor have a very similar renal phenotype (23) (24) (25) (26) . In these mice, hypoplastic ureteral smooth muscle and impaired ureteropelvic peristalsis are thought to cause functional obstruction of the urinary tract (23 and S. Okubo, personal communication). In contrast, ADAMTS-1 -/-mice exhibit accumulation of excessive fibrous tissue and deformity of smooth muscle cells at the ureteropelvic junction and ureter, which could lead to both organic and functional obstruction. Electron microscopy showing the accumulation of collagen fibers suggests that processing of collagen and related matrix substances may be impaired in ADAMTS-1 -/-mice. In this respect, it is noteworthy that ADAMTS-1 shares unique structural features with procollagen I N-proteinase and aggrecanase-1, other ADAM proteins that contain four thrombospondin type I motifs (16) (17) (18) . This supports the notion that ADAMTS-1 may process collagen or related substrates (e.g., proteoglycans) that are important for the organization of organ structures.
The mechanisms responsible for growth retardation, female infertility with histological changes in the uterus and ovaries, and disrupted adrenomedullary architecture remain unknown. It is difficult to infer the molecular substrate or substrates of ADAMTS-1 that are common to the organs affected in knockout mice because the characteristics of histological changes seem to be different among organs. The discovery of physiologically relevant substrates of ADAMTS-1 would be expected to pave the way for further understanding of growth, fertility, and organ morphogenesis.
Recently, METH-1, the human orthologue of ADAMTS-1, was shown to suppress FGF-2-induced vascularization in the cornea pocket assay and to inhibit VEGF-induced angiogenesis in the chorioallantoic membrane assay (19) . Consistent with this inhibitory effect on angiogenesis, METH-1 inhibits endothelial cell proliferation, but not fibroblast or smooth muscle growth (19) . On the other hand, the lack of adrenomedullary capillary network formation in ADAMTS-1 -/-mice suggests that ADAMTS-1 may be necessary for the capillary formation of the adrenal medulla. It is presently unclear how these contradictory findings could be reconciled. It is possible that the effect of ADAMTS-1 on angiogenesis may be different among tissues, developmental stages, and pathophysiological conditions. It is also possible that the lack of a capillary network in the adrenal medulla of ADAMTS-1 -/-mice is not the direct effect of the ADAMTS-1 null mutation. Further studies are necessary to clarify the role of ADAMTS-1 in angiogenesis and its molecular mechanism, which potentially involves extracellular matrices.
This study also has significant clinical implications. The renal phenotype of ADAMTS-1 -/-mice resembles human ureteropelvic junction obstruction, which is the most common cause of congenital hydronephrosis and is recognized in nearly 1 in 500 live births (27) . This disease is characterized by abnormal collagen and smooth muscle components at the ureteropelvic junction that contribute to mechanical or functional obstruction of urinary flow (27, 28) . Interestingly, the structural abnormalities in ADAMTS-1 -/-mice are responsible for the same dysfunctions described in cases of congenital ureteropelvic junction obstruction and primary obstructive megaureter in humans (29, 30) . Thus, the ADAMTS-1-null mouse may represent a useful new disease model for clarification of the pathogenesis of congenital ureteropelvic junction obstruction.
